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Grasslands have a crucial role in the global C cycle because of their contribution to C sequestration in the biosphere (Ciais et al., 2010; Lal, 2004) . The soil respiration (SR) is a core component of the total C cycle. Under Mediterranean climatic conditions, it is possible to observe wide SR temporal variations due to the dynamics of both soil temperature (Soil T) and soil water content (SWC) (Rey et al., 2002) . Consistently, from winter to early spring, soil T was observed to act as the main driver of SR, while during summer SWC mostly controls this process (Almagro, L opez, Querejeta, & Mart ınez-Mena, 2009; de Dato, De Angelis, Sirca, & Beier, 2010; Lai, Lagomarsino, Ledda, & Roggero, 2014; Oyonarte, Rey, Raimundo, Miralles, & Escribano, 2012) . Although in humid periods SR variability can be explained by an exponential relationship between Soil T and SR (Davidson, Belk, & Boone, 1998) , under drought conditions SWC turns into the most important factor affecting SR dynamics (Almagro et al., 2009; Correia et al., 2012; Oyonarte et al., 2012) . During the summer period, SR is constrained by water-limited microbial activity (Davidson & Janssens, 2006) . Because of long dry periods occurring in Mediterranean environments, water deficit is considered in this region as the main limiting factor of the interannual variation of terrestrial C ecosystem exchanges, as it causes large reductions in primary productivity and affects SR (Reichstein et al., 2002) . Moreover, in Mediterranean agro-silvo-pastoral systems not only abiotic factors could affect SR dynamics, but also soil management and land use (Costa, Freitas, & Sousa, 2013) .
The Pasture Simulation model (PaSim, https://www1.clermont.
inra.fr/urep/modeles/pasim.htm, accessed on 1 January 2017), originally developed by Riedo, Grub, Rosset, and Fuhrer (1998) , deals with grassland vegetation and major soil processes (water, C and N cycling) on a plot-scale configuration and performs analysis of management options, through the control of fertilizer application, irrigation, cutting and grazing. The model was used to simulate temperate grasslands in France to assess climate change impacts (Graux, Bellocchi, Lardy, & Soussana, 2013; Lardy, Bachelet, Bellocchi, & Hill, 2014; Vital et al., 2013) and the global warming potential of foragebased livestock systems (A.-I. Graux, Lardy, Bellocchi, & Soussana, 2012; A. I. Graux et al., 2011) . A generic parameterization of the model was established for regional-scale analyses of C and water cycles in Europe (Ma et al., 2015) , where it generally performs comparatively better than the competing models (e.g., S andor et al., 2016) . These studies contributed to the recognition of PaSim as a suitable tool to reproduce biophysical and biogeochemical processes of managed grasslands. A detailed application of the model for
Mediterranean grasslands has not previously been undertaken.
The aim of this study was to evaluate whether PaSim could be reasonably used to estimate C fluxes (i.e., biomass and soil respiration) and soil biophysical components (i.e., water and temperature) in a Mediterranean grassland system. Considering the characteristics of these agro-ecosystems, the objective of the study was to provide a framework for the quantitative assessment of the processes driving C cycle and water balances, as influenced by management practices.
| MATERIALS AND METHODS

| Study site
The study site is located in the Long Term Observatory of Berchidda-Monti (NE Sardinia, Italy) (40°49 0 N, 9°17 0 -9°19 0 E; 287-325 m a.s.l.). The site is representative of Sardinian grassland-based dairy sheep farming systems and shares several commonalities with the agro-silvo-pastoral systems widespread in the Mediterranean basin, in particular in the Iberian Peninsula (Caballero et al., 2009 ). In Sardinia, permanent grasslands are the most common form of land use, occupying over 700,000 ha, i.e.,~30% of total area of the island (Ravenna, 2013) . In the study site, the mean annual rainfall is 632 mm, of which 70% occurs during October to May. The mean annual temperature is 14.2°C, and the aridity index (mean annual precipitation divided by mean annual reference evapotranspiration) is 0.53. According to the classification of USDA (2010), the dominant soil type is a Typic Dystroxerept, with sandy loam texture in the first soil horizon, derived from a granitic substratum (Carmignani et al., 2012) .
| The Pasture Simulation model
PaSim (Riedo et al., 1998) was sampled according to horizons and depth, and analysed for particle-size distribution, bulk density and pH. Soil sampling and analyses methods were described by Seddaiu et al. (2013) . Soil hydraulic properties (saturated soil water content, saturated hydraulic conductivity, field capacity and permanent wilting point) were estimated from the measured soil texture and soil organic matter according to Saxton and Rawls (2006) . The grassland management was monitored at field scale during the observational periods through systematic interviews with farmers. In this way, it was possible to build a data set of daily animal stocking rate. Daily animal stocking rates were mimicked by model management requirements approximated at 10 grazing events per year, by aggregating the days close to each other when grazing occurred for only a few hours per day and calculating in these periods the weighted stocking rates.
| Model parameterization and evaluation
Field data resources were segregated into two groups: a sample (BM1) was used to estimate model parameters (calibration set); an independent sample (BM2) was used to validate model results For the calibration purpose, 10 model parameters were modified within their plausible ranges (Table 2 ) through a trial-and-error process comparing the model predictions with observational data to ensure realistic representation of a variety of outputs. They govern (i) canopy morphology and phenological features, in particular maximum specific leaf area, thermal sum for the transition from reproductive to vegetative phase, parameters describing the canopy height development and root-shoot turnover rates, and a parameter of root distribution in different soil layers, (ii) canopy physiological features, in particular parameters describing CO 2 absorption rates at both vegetative and reproductive stages; and (iii) soil biological activity, in particular a parameter governing soil respiration.
The agreement of model outputs with observational data of soil T, SWC, SR, Rh, GRDM and NGDM was assessed through a set of indices and by graphical reports applied to both calibration and validation sets. The multiplicity of aspects to be accounted for a multiperspective assessment of model performance requires the use of a variety of metrics for model evaluation (Bellocchi, Rivington, Donatelli, & Matthews, 2010) . These metrics (Table 3) include the goodness-of-fit R 2 (coefficient of determination) which assesses the linear dependence between modelled and observed data and the proportion of the total variation explained by the model, and a set of metrics such as the mean differences (BIAS), the per cent relative root mean square error (RRMSE), the coefficient of residual mass (CRM), the modelling efficiency (EF) and the index of agreement (d) which assess quantitative differences.
To test the robustness of the obtained PaSim parameterization, model performance was assessed also for a set of ancillary observed data. The parameterization was tested on (i) grassland DM production under N fertilizer conditions, (ii) the herbage DM intake from pasture of grazing animals, (iii) the C and N input from grazing animals. These ancillary data were collected in both BM1 and BM2, and overall metrics were calculated on both sites. The ancillary T A B L E 2 Summary of the PaSim parameters considered for calibration. For each parameter, two sets of values are reported: reference values or ranges of values from previous studies (Ben Touhami et al., 2013; Ma et al., 2015) The calibrated model substantially matched the observed data, with the exception of Rh (Table 4) . Overall, the best performance was observed for soil T and SWC simulations, with EF ranging from 0.4-0.7. Best metrics were generally obtained with the calibration data set, with a few exceptions such as the RRMSE values calculated for NGDM and GRDM, which were better with the validation set.
The performance was not satisfactory when the model was used to simulate Rh, as shown by the negative EF values with both calibration and validation data sets. Relationships between observed and simulated data in both BM1 and BM2 for Soil T, SWC, GRDM, 
T A B L E 3 Index of model performance used in model assessment
The best values are close to 1 (Greenwood, Neeteson, & Draycott, 1985) d, Index of Agreement
The best values are close to 1 (Willmott & Wicks, 1980) R 2 , Coefficient of determination of the linear regression estimates vs measurements
The best values are close to 1 P, predicted value; O, observed value; n, number of P/O pairs; i, each of P/O pairs; O, mean of observed values; P, mean of predicted values.
PULINA ET AL. Table 4 ). Less significant relationships were found between observed and simulated Rh (Figure 4 ; Table 4 ). An analysis of the standardized residuals ( Figure 5 ) showed seasonal patterns, which differed depending on the output. In particular, deviations from the 95% con- Overall, the evaluation metrics obtained for soil T and SWC simulations were comparable to those obtained in a previous study undertaken using PaSim across a range of European grasslands (Ma et al., 2015) . In autumn, soil T was underestimated, as highlighted by residuals analysis. This was consistent with a greater simulated than observed aboveground biomass, as a lower soil cover would have resulted into less shading and hence higher daily mean soil T due to the effect of vegetation cover on soil temperature. The marked fluctuations of the simulated SWC can be attributed to the high variability inherent to the water balance in the topsoil (Li et al., 2015) , where most influential biological and biophysical processes occur showing greater temporal and spatial variability (Cambardella et al., 1994) .
The model performance indices for SR were acceptable, considering the high spatial variation inherent to this variable (Oyonarte et al., 2012) , as was also observed previously in the BerchiddaMonti Observatory (Lai, 2011) . In fact, the model considers C losses from soil due to soil heterotrophic biota as the sum of C-CO 2 respiration from five C pools derived from the CENTURY model (Parton et al., 1993) . The pools are characterized by different levels of C recalcitrance, with the addition of C-CO 2 losses from root exudates decomposition.
The field Rh measurements performed in this study only allowed C-CO 2 fluxes to be observed due to the most recalcitrant soil C. These differences, although quantitatively not important, might have generated a possible misalignment of observed and simulated data, thus adding further uncertainty to the prediction of the soil respiration processes. 
